Because turbulent fluctuations in the atmospheric refractive index (n) at a wavelength X are related to fluctuations in the temperature (t) and the humidity (q) by n = A(X, P, T, Q)t + B(X, P, T, Q)q, it is possible to estimate the refractive-index structure parameter Cn2 from meteorological quantities. I describe and evaluate two such estimation procedures, one based on the velocity, temperature, and humidity scales u, t, and q and a second based on the routine meteorological quantities Uh, T -Th, and Q -Qh. The subscript h here denotes the wind speed (Uh), temperature (Th), or humidity (Qh) at a reference height h; the subscript s indicates the surface value. I also develop analytical expressions for the coefficients A and B as functions of A, the atmospheric pressure (P), and the temperature and the humidity in four wavelength regions: visible (including near infrared), an infrared window, near millimeter, and radio. In a sensitivity analysis of the two estimation procedures, the core of the paper, I
INTRODUCTION
The refractive-index structure parameter C2, defined from [n(x) -n(x + r)]2 = Cn2r" 3 ( 1.1) is an important quantity in the study of electromagnetic wave propagation in the atmospheric surface layer. Here n is the turbulent refractive-index fluctuation, x and x + r are two points in space, r is the magnitude of r, and the overbar denotes a time average. C 2 is required in parameterizing theoretical studies,1 2 for evaluating instrument design and performance, 3 -5 and for analyzing field data. 6 -9 For example, C and the turbulence inner scale 10 are the only two variables in the three-dimensional Tatarskii' 0 spectrum for refractive-index fluctuations, P3n(k) = 0.033Cn2k- 1 3 exp(k2/k 2), (1.2) where k is the three-dimensional turbulence wave number and k = 5 92 / 1 o. This spectrum is used frequently in modeling refractive-index turbulence and thus for evaluating how electro-optical systems interact with the turbulence." 4 In one dimension, Eq. (1.2) reduces in the inertial-convective subrange to bln(kj) = 0.249C k 3 (1.3) where k is the one-dimensional wave number. This spectrum has been useful in describing measured refractiveindex spectra.9,1, 2 Because C2 is fundamental to understanding electromagnetic wave propagation in the atmosphere, it would be useful to know how to estimate Cn2 from measured or modeled meteorological quantities. Electro-optical systems could then be optimized beforehand for the C2 climate likely to be encountered during a field deployment. Gossard, 17 Friehe et al., Wesely,1 8 Hill et al.,1 9 and McBean and Elliott2 0 all evaluated the contribution of the pressure term in Eq. (2.8) , and all found it negligible in the atmosphere; therefore I simplify Eq. (2.8) to
n = A(, P, T, Q)t + B(, P, T, Q)q,
of pressure, temperature, and humidity values. I want to find analytical expressions that will let us find A and B easily for arbitrary meteorological conditions. At present, four useful regions in the electromagnetic spectrum have yielded experimental data that satisfy Eq. (2.1). These are the visible region (including the near infrared), an infrared window, the near-millimeter region, and the radio region. I shall derive expressions for A and B in each of these regions.
A. Visible Region (Wavelengths from 0.36 to 3 pm) According to Owens, 21 for visible and near-infrared wavelengths, 0.36-3 Am,22 the instantaneous refractivity 10 6 (h, -1) has contributions from dry air (Ftud) and from water vapor 106( -1) = hud + htU, (3.1) where the subscript u indicates visible and near-infrared wavelengths, and the subscripts d and u indicate contributions from dry air and water vapor. Owens gave
2) FZU = m 9 (X)(e/t), (3.3) where p is the total instantaneous atmospheric pressure in hectopascals and e is the instantaneous vapor pressure, also m,(X) = 64.8731 + 0.58058a' -0.0071150aT + 0.0008851a6, (3.5) where
for X in micrometers. Combining Eqs. (3.1)-(3.3) gives
From the ideal gas law, (2.9) where R (= 8.31441 J K-l mol-) is the universal gas con-(2.10) stant and Mu (= 18.0160 X 10-3 kg mol-) is the molecular weight of water. Thus e = 4.6150Qt, and Eq. (3.7) becomes (2.11)
Because for a chosen electromagnetic wavelength and a given set of meteorological conditions A and B are constant, we see from Eq. (2.9) that turbulent fluctuations in the refractive index depend linearly on turbulent fluctuations in the temperature and the humidity. Equation (2.9) is thus the basis of any attempt to relate turbulence in the refractive index to meteorological parameters. We must therefore know A and B. At a wavelength of 0.55 m, for example, A, = 79.0 X (P/T2), and B., =-56.4 X 10-6.
FINDING A AND B

B. Infrared Window (Wavelengths from 7.8 to 19 pim)
Hill and Lawrence22 developed an empirical expression for the refractivity hiF, that is due to water vapor in the infrared window between 7.8 and 19 gim. With their function, the total instantaneous refractivity in that region is (3.24)
C. Radio Region (Wavelengths Greater Than 3 mm)
For radio wavelengths from infinity down to roughly 3 mm, the total instantaneous refractivity is the sum of dry-air contributions (rd) and water-vapor resonances in the infrared (rw), 25) where the subscript r refers to radio waves. Specifying the refractivity is more difficult for the nearmillimeter region than for the preceding three regions because it results from contributions from three sources: (1) the nondispersive radio refractivity (rd and Ftrw), (2) Table 1 gives the constants aj, a, and fj; all quantities in Eq. (3.38) are, as usual, in mks units except the wavelength X, which must be in millimeters.
For the sake of an analytic solution, I will ignore the Fmw2 contribution to Eq. (3.37). This, of course, means that I am no longer modeling the refractivity accurately throughout The functions Om, Okh, and 'bw must be found experimentally.
Although there is no consensus yet on their forms, the measurements seem to be converging toward the functions used by Large and Pond344 0 :
for unstable conditions (D < 0)
for stable conditions ( > 0) 
MONIN-OBUKHOV SIMILARITY OF C,2
Over a horizontally homogeneous surface in steady-state conditions, an atmospheric surface layer exists up to heights of 10-50 m, depending on the height of the planetary boundary layer. In the surface layer the vertical fluxes of momentum (-u1), sensible heat (W), and the latent heat (wq) are constant with height. Consequently, it is possible to define velocity (u, the friction velocity), temperature (t.), and humidity (q*) scales that are also constant with height: . 42) for the profiles of wind speed, temperature, and humidity: In these expressions, z is the familiar roughness length for wind speed; ZT and zQ are the roughness lengths for temperature and humidity, the so-called scalar roughness lengths. z 0 is the height at which the semilogarithmic wind-speed profile extrapolates to U = 0. Similarly, ZT and zQ are the heights at which the semilogarithmic temperature and humidity profiles extrapolate to their surface values, T, and Q, respectively. For unstable conditions (¢ < 0)
where
For stable conditions (D i 0)
At= th() = 7r. Other quantities also yield to similarity arguments. For example, Wyngaard et al. 4 2 showed that the structure parameter for temperature, Ct2, which is defined as Cn2 in Eq.
(1.1) or Eq. (1.3), should have a universal form when properly scaled. They obtained z23ct2
Edgar L Andreas where the similarity function that was given by Wyngaard33 but was modified to reflect a value of 0.4 for the von Karmdn constant is gt(t) = 4.9(1 -6.1')-2/3 for r < 0 
it is possible to define a refractive-index scale n* that is similar to the temperature and humidity scales,
Thus we would expect from similarity theory that will behave at infrared, near-millimeter, and radio wavelengths, since we know A and B at these wavelengths and have some information on the behavior of Cq2 and Ctq.
The variance budgets for temperature, humidity, and refractive index and the temperature-humidity covariance budget have virtually identical forms 44 : The scalar dissipation rates are related to the structure parameters by The turbulent kinetic-energy dissipation rate also exhibits Monin-Obukhov similarity:
where 'be has been found to be 
where the subscript b indicates that the function is derived from the budget equations. Panofsky and Dutton3 4 derived virtually the same form for Ct2.
One shortcoming of gb is that it does not have the proper z dependence at large jr. Equation 3 Ctq/ t*q* experimentally for < -0.2; Fig. 1 shows his result for temperature:
for < -0.02. IBol is large, i.e., when the sensible heat flux is dominant, n*/ At* is near 1 for all wavelengths; the t* term is thus the dominant contributor in Eq. IBol values between 0.1 and 1, t* dominates for visible and infrared wavelengths, while q dominates for near-millimeter and radio wavelengths. Thus we cannot say unequivocally that for a given wavelength either temperature or humidity will dominate the refractive-index fluctuations: The partitioning also depends on the Bowen ratio.
Because the Bowen ratio is so important for interpreting Fig. 2 and for many figures to follow, it is useful to review a few Bo measurements over snow and sea ice. Measurements of turbulent surface fluxes over snow generally show the Bowen ratio to be negative: the snow gains sensible heat from the air but loses latent heat by sublimation. Hicks and Martin52 found Bo between -1 and -0.2 in four measurements over a snow surface near the melting point. At lower air temperatures, Yelagina et al. 5 3 found Bo to be typically -5 to -1 for many measurements over snow, and Andreas Notice that I have divided through by Cn2 to get the relative change dC,2/C,2 and have formed similar relative changes of the independent variables on the right-hand side of Eq.
(5.8). These relative changes can also be interpreted as the relative uncertainties in the measurements of z, u,, t, and q. and in the resulting estimate of Ci,2. Therefore the coefficients multiplying these uncertainties predict how sensitive the estimated quantity C is to uncertainties in the measured quantities. They are sensitivity coefficients. Letting S denote a sensitivity coefficient, I rewrite Eq. In another publication, 5 7 I interpr( sensitivity coefficients defined as in Eq.
sensitivity coefficient S is large (posi magnifies the relative uncertainty in t shows that the Cn2 estimate has a large near zero, on the other hand, the predic ally independent of the measured quan cluded that the optimum value of S is that, in the figure, Su* is near zero for z/L near zero, as it (5.13a) must be, since g(r) becomes independent of r and thus of u* near zero. If S is impossible to estimate CN2. Clearly, from Figs. 4-7, the ted quantity is virtustability does not have a large effect on the sensitivity coeffitity. I therefore concients. The neutral-stability contribution sets the trend near 1 or -1. and the general level of the coefficients. Introducing the cients S, and Su* as stability dependence does, however, produce a second pole .12) and (5.13) it is in each coefficient. nt of the electromag-
The locations of the poles may not be detrimental for s that neither is ever estimating C2 over snow or sea ice at visible and infrared stimating Ca2. Note wavelengths. Figures 4 and 5 show that the poles have the greatest influence for Bowen ratios between -0.02 and -0.06. In my review I found few measurements that yielded Bowen ratios in this region. For near-millimeter and radiowavelength estimates of Cn2 (Figs. 6 and 7) , however, the poles show large effects for Bowen ratios between 2 and 4, Bowen ratios that are commonly encountered over sea ice.
It is worthwhile to demonstrate the use of the sensitivity (5.9). Suppose that the u*, t*, and q* values yield Bo -1 S, computed from Eqs. and zIL -0.1. From Fig. 3 we therefore obtain S, = 0.9
and Su* = 0.5. For C' in the visible region, Fig. 4 gives St* 2 and Sq* = 0. Hence, at 0.55 gim, dCn2/Cn2 = (±2%)(0.9) + (±10%) (0.5) + (+20%)(2) + (±20%) (0) = ±47%, the uncertainty in the C,2 estimate. For Cn2 at 337 gim, Fig. 6 gives St* 0.5 and Sq*-1.5. Thus (2%)(0.9) + (10%)(0.5) + (±20%)(0.5) + (±20%)(1.5) = ±47% is also the uncertainty in this C,2 estimate. Clearly, our inability to measure the turbulent fluxes with precision leads to a fairly large uncertainty in the C,2 estimate.
ESTIMATING Gn 2 FROM ROUTINE METEOROLOGICAL OBSERVATIONS
Measuring the eddy correlations uW, wt, and wq and thereby obtaining u, t, and q* is not easy. Measuring velocity, temperature, and humidity spectra in the inertial and inertial-convective subranges and then obtaining u, t*, and q* through the inertial-dissipation method 58 is somewhat easier but still requires sophisticated, fast-responding sensors. The way to obtain u*, t, and q* that is instrumentally and computationaly simplest is to measure the average wind speed, temperature, and absolute humidity at a reference height h(Uh, Th, and Qh, respectively) and the surface temperature and humidity, T, and Q,, and then to solve Eqs.
(4.11)-(4.13) iteratively for u*, t, q*, and L. 56 That method of obtaining u*, t*, and q* and the effects of uncertainties in the measured quantities, Uh, AT = T, -Th, and AQ = QQh, on the Cn2 estimate are the subjects of this section.
Equations (4.4) and (4.11)-(4.17) contain the method of estimating u*, t*, and q* from Uh, AT, and AQ. The solution is iterative. We first assume neutral stability (h/L = 0) and then compute initial estimates of u*, t, q*. With these, we compute L, utin, and A'h; we then refit the data to compute new values of u*, t, and q*. We continue until the values converge, which usually takes fewer than five iterations.
With these values of u, t*, q*, and L, it is simple to find C,2 at an arbitrary height and wavelength from Eq. (5.5).
On inspecting Eqs. (4.11)-(4.13), it is clear that we also need to know zo, ZT, and ZQ to make the above computations. The roughness length zo has a one-to-one relationship with the drag coefficient at neutral stability at a reference height h:
Banke et al. 59 found that over snow-covered sea ice the neutral-stability drag coefficient at 10 m can be parameterized as 10 3 CDN10 = 1.10 + 0.072t, (6.2) where t is the root-mean-square (rms) surface roughness in centimeters found through a leveling survey. is usually between 1 and 12 cm. Shirasawa 60 reported a similar increase in the drag coefficient with the roughness of the sea ice but was not as successful as Banke et al. in parameterizing it. Kondo and Yamazawa 6 l likewise reported that the drag coefficient over a flat, snow-covered field increased with increasing roughness of the snow surface. I therefore hypothesized that Eq. (6.2) is an adequate model for both snow-covered sea ice and snow-covered ground. 6 2 On measuring, specifying, or guessing , we can thus combine Eqs. (6.1) and (6.2) to find z 0 . I also developed a theoretical model to estimate ZT/zo and zQ/zo from the roughness Reynolds number 
where v is the kinetic viscosity of air. where z, is either ZT or ZQ. Table 2 gives the coefficients bo, bl, and b2-As in Section 5, the next question is, How does the uncertainty in the C,2 estimate depend on the uncertainties in the measured quantities z, Uh, AT, and AQ?
The answer to this question is derived from Eqs. (4.11)-(4.13) and from Eq. (5.8). To simplify the sensitivity analysis, I assume that the height z at which the Cn2 estimate is desired is also the reference height h; that is, z = h and r = h/L. From Eqs. (4.11)-(4.13) and (6.1),
In the sensitivity equation [Eq. (5.8)], we require du*/u*, dt*/t*, and dq*/dq*, which, from the above equations, are
A complication here is that d/~ depends on u*, t*, and q*, which, in turn, depend on the measured quantities Uh, AT, and AQ. To get around this, we substitute Eqs. 6.17) we see that these new sensitivity coefficients are related to the sensitivity coefficients found in Section 5: The sensitivity coefficients also depend implicitly on Ulo, because to specify ZT/ZO I had to estimate R. from Eq. (6.3). ,
10 -1016+ Specifying CDN10 or t gives zo from Eqs. (6.1) and (6.2 The sensitivity coefficients Sz, Su, S~z, and Su do not depend on ambient temperature and humidity. The coeffi- easily identify problematic data, since the Bowen ratio is derived directly from the measured quantities by using Eqs. Bo = AT (6.22) Despite the similarity of the values of St, and SAT and of Sq* and SAQ, estimates of C 0 2 based on Uh, AT, and AQ are likely to be more uncertain than estimates based on u*, t*, and q,. This is because the relative uncertainties in AT and AQ may well be larger than for t and q Measuring the temperature and the absolute humidity of the snow surface is difficult because the measuring device often ruins the integrity of the surface or otherwise disturbs its thermal regime 63 ; uncertainties in T and Q can therefore be large.
-
4-II
The small vertical temperature and humidity gradients that usually exist over snow, especially over snow-covered sea ice, exacerbate this problem. With small gradients, it would not be unusual to have uncertainties in AT and AQ that are nearly as large as their absolute values. I have developed a noninvasive method of measuring the snow-surface temperature that may minimize the uncertainty in this measurement, 6 3 but more research is necessary to ensure accurate T, and Q measurements. 4 used the methods that I have described, with minor variations, to make such a comparison with data collected over the ocean. Although the agreement between their electro-optical and meteorological estimates of C2 was encouraging, the data scatter was rather large. Evidently, Davidson et al. did not realize that the accuracy of their meteorologically derived C2 estimates depended on the Bowen ratio, because they did not mention the range of Bowen ratios encountered, nor did they provide enough information for me to estimate Bowen ratios. Although it is unlikely that the scatter in their optical C2 values was due to the Bowen ratio, since Bo is usually positive over the ocean (see Figs. 4 and 9) , I encourage experimentalists to consider this source of uncertainty in future comparisons.
The second, probably broader, use of these methods for estimating C2 is predicting C from routine meteorological observations. 8 64 On the basis of such estimates we could then prepare C climatologies for various locales and for various meteorological conditions 8 In estimating C2 from routine meteorological observations, I chose to base estimates on the temperature and humidity differences between the reference height h and the surface. It is, however, also possible to base C 0 2 estimates on the temperature and humidity differences betweent the two heights h and h', where h' is above the surface and h > h'. A sensitivity analysis of this estimation procedure and some physical insight would show why my original method is better. C would now also suffer from the additional uncertainty in the measurement of h'. More importantly, though, the relative uncertainties in the measured quantities AT' = Th -Th and AQ' = Qh' -Qh would probably be larger than for AT = T -Th and AQ = QQh, since the largest temperature and humidity gradients are in the immediate vicinity of the surface. Thus, although the sensitivity coefficients ST, and SAQ, would probably be smaller than SAT and SQ, the larger relative uncertainties, dAT'/AT' and dAQ'/AQ', would certainly nullify this benefit.
CONCLUSIONS
The fundamental equation on which most of my analysis rests is Eq. (5.1): (8.1) with g(G) given by Eqs. (4.19) . Although the validity of this equation has been checked experimentally only indirectly and only at visible wavelengths, much associated experimental and theoretical work argues in support of its accuracy.
One use for the methods of estimating C2 that I have discussed could therefore be finally to test Eq. (8.1) directly and to do a careful analysis of the experimental uncertainties.
The derivation of a means of estimating these uncertainties is one of the main results of this paper. Estimating C2 from the flux scales u*, t*, and q* requires only four equa- to estimate Cn2 with arbitrary accuracy at an arbitrary Bowen ratio.
A second major result of this paper is my derivation of analytic expressions in four useful wavelength regions for the functions A(X, P, T, Q) and B(X, P, T, Q) that appear in Eq. (2.9). Equations already existed for the visible (to nearinfrared) region (0.36-3 izn) and for radio wavelengths (>3 mm). I added equations for an infrared window (7.8-19 gim) and for near-millimeter wavelengths (0.3-3 mm) and then computed the sensitivity coefficients in each of the four wavelength regions where scintillation and, consequently, Cn2 are commonly measured.
